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Summary: Using a global circulation model of the middle atmosphere we analyze the
influence of different tropospheric gravity wave amplitude distributions in the gravity
wave parameterization on the mean circulation. Thereby we compare the standard
configuration, which includes a simple zonal mean weighting of gravity wave amplitudes
with a more realistic zonal mean weighting obtained from measurements using GPS
radio occultations and a GW distribution in both latitude and longitude. The results
show a stronger polar vortex and a descent of the meridional wind jet in the mesopause.
Furthermore, two-dimensional weightings from the measurements are considered in order
to analyze nonzonal effects resulting especially in stationary planetary waves. In this
case we obtain a stronger stationary planetary wave and find enhanced equatorward wave
motions in the lower stratosphere. These results give reason for further investigations
about the impact of gravity waves on the Brewer-Dobson circulation.
Zusammenfassung: Mit Hilfe eines globalen Zirkulationsmodells für die mittlere At-
mosphäre untersuchen wir den Einfluss verschiedener in der Troposphäre festgelegter
Verteilungen der Schwerewellenamplitude in der Schwerewellenparametrisierung des
Modells auf die mittlere Zirkulation. Dazu vergleichen wir den Standardfall zonal gemit-
telter künstlicher Wichtungen der Schwerewellenamplituden mit sowohl zonal gemittelten
als auch längen-breitenabhängigen Wichtungen aus GPS-Radiookkultationensmessungen.
Die Ergebnisse zeigen einen stärkeren Polarwirbel und ein Absinken des meridionalen
Windjets in der Mesopause. Zusätzlich wurden zweidimensionale Wichtungen aus den
GPS-Radiookkultationen ausgwertet, um den Einfluss planetarer Wellen zu analysieren.
In diesem Fall lässt sich eine äquatorwärts gerichtete Verstärkung der Wellenbewegung
in der unteren Stratosphäre feststellen. Diese Ergebnisse geben Anlass für weitere Nach-
forschungen über den Einfluss von Schwerewellen auf die Brewer-Dobson-Zirkulation.
1 Introduction
Among other processes, wave-mean flow interactions have significant impact on the
middle atmosphere. One of these processes are owing to gravity waves (GW) which
are atmospheric waves where the restoring force is the difference between gravity and
buoyancy. GW play an important role for the atmospheric composition, circulation and
dynamics. They are able to propagate from the surface to the upper atmosphere and thus
exchange angular momentum between all vertical layers. Understanding GW related
processes is essential for a proper description and modeling of the middle and upper
atmospheric dynamics (as reviewed comprehensively by Fritts and Alexander, 2003).
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The importance of GW in the atmosphere was first recognized by Hines (1960). Today’s
current issues about GW deal with their influence on the middle and upper atmospheric
climate change and possible acceleration of the Brewer-Dobson circulation (BDC) (e.g.,
Garcia and Randel, 2008), their role in the formation of the quasi-biennial oscillation
(Ern et al., 2014) or with their influence on the stratosphere-troposphere exchange (STE)
through affecting the tropopause inversion layer in a persistent manner (Kunkel et al.,
2014). But, as GWs exhibit a broad distribution of spatial and temporal scales, they need
to be parameterized in most atmospheric models.
A very useful and frequently used tool to measure GW are Global Positioning System
radio occultation (GPS RO) data which are obtained from the refraction properties of
the atmosphere on a radio link between a low-earth orbiting (LEO) satellite and a GPS
satellite. The measurements are characterized by a good vertical resolution providing
atmospheric profiles with global coverage under all weather and geographical conditions
(e.g., Foelsche et al., 2008).
Using potential energy from GPS RO density measurements following Šácha et al. (2014),
Šácha et al. (2015) discovered a localized area of enhanced GW activity and breaking
in the lower stratosphere over the Eastern Asia/North-western Pacific region. This GW
hotspot is also marked as an area of specific dynamics and anomalously small annual cycle
amplitude. Such a robust and localized GW breaking region can lead to the formation
of planetary waves (PW) as numerically analyzed by Smith (2003) and Oberheide et al.
(2006), and experimentally verified by Liebermann et al. (2013) for the mesosphere.
Ortland (1997) observed equatorward propagating PWs and argued that they can play an
important role in STE.
PW, such as Rossby wave modes, that are propagating poleward can also interact with the
polar vortex and influence the occurrence of sudden stratospheric warmings (SSW). These
SSW can lead to abrupt changes in the middle atmosphere circulation, tracer distribution
and effects on tropospheric weather patterns (e.g., Manney et al., 2009).
Motivated by these findings and their possible consequences we compare the differences
of GW effects on the middle atmosphere using several GW distributions in a model study.
An artificial zonal mean distribution serves as a reference while zonal mean GPS based
and longitudinal dependent GPS based distributions are used to show the influence of a
GW hotspot area on the global mean circulation. Finally, we shall have a first look on the
formation of PW and their propagation in the stratosphere.
2 Model Description and Configuration
The Middle and Upper Atmosphere Model (MUAM) is a nonlinear 3D mechanistic
primitive equation global circulation model. It has a horizontal resolution of 5 × 5.625◦
and extends in 56 vertical layers up to an altitude of 160 km in log-pressure height as
described by Pogoreltsev et al. (2007) and Jacobi et al. (2015). At 1000 hPa, which is the
lower boundary of the model, we introduce stationary planetary waves of wave numbers
1, 2 and 3 obtained from ERA Interim temperature and geopotential reanalysis data. Up
to an altitude of 30 km the model zonal mean temperature is nudged to the reanalysis
zonal mean temperature to correct the climatology in the troposphere.
Within the model, GW are parameterized after an updated linear scheme (Jacobi et al.,
2006). GW amplitudes are initialized at an altitude of 10 km with an average value of
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Fig. 1: Left: GW weights for the standard configuration after an artificial hyperbolic
tangent of geographic latitude (red) and according to the zonal mean GPS RO potential
energy (blue). Right: GW weights after GPS RO measurements, dependent on geograph-
ical latitude and longitude and interpolated to MUAM grid. All values are given for
January conditions.
0.01 ms−1 for vertical velocity perturbation. In standard configuration these values are
weighted by a hyperbolic tangent of the geographic latitude with larger amplitudes at
the winter hemisphere (see Fig. 1, left). We will refer to that as the reference run. In
two further runs, this artificial weighting is replaced first by a zonal mean and second
by a latitudinal/longitudinal dependent weighting as shown in the two panels of Fig. 1.
These data are obtained from the potential energy of disturbances, calculated from
FORMOSAT3/COSMIC radio occultation density profiles between the tropopause to
35 km altitude as described by Šácha et al. (2014). Note that the tropopause is located
higher at the equator (≈ 17 km) than at the poles (≈ 8 km) and that Kelvin waves are not
filtered out. The GW weights are calculated from these data by dividing the potential
energy at each grid point by the global mean potential energy.
As we can see in Fig. 1 (left), the zonal average of GPS RO based GW weights shows
larger amplitudes than the reference weights in the equatorial region (most likely due to
convective GW and due to Kelvin waves) and in the NH midlatitudes (most likely due to
orographic waves). Near both poles the amplitudes on an average are many times smaller.
The latitudinal-longitudinal dependent weights have a stronger contrast between small
and large values of GW amplitudes which are often unevenly distributed in longitude. The
distribution of the latitudinal/longitudinal dependent weights also reflects the topography
of the Earth. For example, we can see in Fig. 1 (right) local areas of enhanced GW
amplitudes around Himalayas and on northeastern coast of Asia. In the following we will
refer to that as the GW hotspot region.
To analyze the influence of the different GW initializations on the global mean circulation
we present the background January climatologies for several parameters. These are
obtained by using the first 10 model days of the month January, and the zonal mean
background and a stationary planetary wave of wavenumber 1 has been analyzed through
least-squares fitting.
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Fig. 2: Parameters as background reference (colors) and difference to the GW distribution
from RO data as zonal mean (left) and longitudinal dependent (right) in black isolines.
3 Results
In Figs. 2 and 3 we present different atmospheric parameters as modeled by MUAM.
Here, the results from the reference run are given in color coding, while the differences
between the standard run and the runs with modified GW sources are added as black
isolines. The respective left panels show the differences for the run with zonal mean GW,
while the right panels show the results for the run with GW both dependent on latitude
and longitude.
3.1 GW Parameters
In Fig. 2a we present the zonal GW momentum flux (MF) as obtained from the GW
parameterization scheme in the MUAM model. The MF is positive/negative in the
southern/northern hemisphere, i.e. directed in the opposite direction than the mean flow
which is easterly/ westerly in the southern/northern hemisphere in January (see Fig. 3a).
This also means that the mean flow is decelerated in the GW breaking region or, in other
words, the mean flow is accelerated in its opposite direction, which is shown in Fig. 2b.
This GW-mean flow interaction leads to the well-known zonal wind reversal above 80 km
(see Fig. 3a below).
It is known from theory that GW of higher amplitudes are expected to break at lower
altitude levels due to the fact that instability is reached earlier. This effect can be seen
in the model simulations as well, when GW amplitudes are modified. Especially in the
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area where zonal mean GPS GW amplitudes strongly exceed the artificial hyperbolic
tangent (close to the equator and at 30◦-60◦N) we find the strongest changes in zonal GW
momentum flux as shown in Fig. 2a. In both runs with GW amplitudes based on GPS
RO potential energy the MF at these latitudes is larger in magnitude than in the reference
run at altitudes up to approx. 70 km and weaker above that altitude. In the northern polar
region where the GPS GW amplitudes become very small and are able to penetrate into
higher altitudes, the MF is weaker below 70 km and stronger above that height. The same
holds for acceleration of the mean flow due to GW breaking as shown in Fig. 2b.
Unexpectedly, the largest differences between the GPS zonal mean and longitudinal de-
pendent run are found in the southern hemisphere where the maximum of GW momentum
flux and its corresponding acceleration near 80 km are weakened. This effect is much
stronger in the latitude/longitude dependent GW distribution. The changes generally
appear to be slightly stronger in the latitude/longitude dependent GPS run than in the
zonal mean GPS run.
3.2 Background Climatology
In Fig. 3a the zonal mean zonal wind is shown, while in Fig. 3b the zonal mean meridional
wind is presented. The background temperature is shown in Fig. 3c. The background
winds and temperatures agree with the temperature and wind patterns given in the
literature (Fleming et al., 1990; Jacobi et al., 2009) which underlines the capability of the
MUAM model to represent the middle atmosphere circulation.
In the zonal mean zonal wind (Fig. 3a) there are larger differences between the reference
and the two GPS based runs than among the GPS based runs mutually. The reference run
has lower wind speeds in the polar vortex due to the fact that GW amplitudes are larger
in the polar region so that GW breaking leads to a deceleration of the polar vortex. Also
the mesospheric jet is shifted more equatorward. This indicates that in both GPS RO runs
the vortex is narrower. The middle atmosphere jet is also more structured in both GPS
RO runs in contrast to the very symmetric looking one in the reference run.
An interesting aspect can be seen in the zonal GPS based run where up to the 30 km level
in the polar region we can see weaker westerlies than in the latitude/longitude GPS and
reference runs. At the lowest levels there are even prevailing easterlies in the zonal GPS
run. It is surprising to see such a strong difference (extending 5 m/s) at such a low altitude
taking into account that GW drag differs between runs at much higher levels (around
70 km). Furthermore, in the lower 30 km the nudging to ERA data does not seem to be
prevailing in this region.
In the southern hemisphere there are only small differences and these are almost negligible
below 60 km. This holds for both GPS runs.
The zonal mean meridional wind (Fig. 3b) shows considerable changes between the
runs only at altitudes near the jet at about 80 km in the northern hemisphere. This jet is
weakened at latitudes where the GPS zonal mean GW distribution strongly exceeds the
artificial one (compare Fig. 1) and shifted slightly to lower altitudes which can be seen
best at latitudes of about 40◦N. In combination with the zonal mean zonal wind anomalies
it seems likely that for increased amplitudes GWs begin to break earlier which leads to a
stronger meridional wind below 80 km and hence to a weakening of the jet. This in turn
can lead to a weakening of the middle atmosphere jet as observed in the zonal wind.
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Fig. 3: Parameters as background reference (colors) and difference to the GW distribution
from RO data as zonal mean (left) and longitudinal dependent (right) in black isolines.
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Fig. 4: Left column: Brewer-Dobson circulation vectors for a) GPS based longitudinal
dependent run, b) reference run and c) GPS based zonal mean run. Right column:
Differences between runs d) reference - longitudinal dependent, e) reference - zonal mean,
f) zonal mean - longitudinal dependent. Residual velocity has units m/s. The intensity of
circulation grows from blue to red.
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Differences between the zonal mean and latitude/longitude dependent GW run are small.
Qualitatively, the results show the same, however, in the latter one the effect is slightly
stronger.
Between both GPS runs there are only small differences in the zonal mean temperature
(Fig. 3c). The major differences between the GPS based runs and the reference run in the
temperature field is a quadrupole like structure of differences centered at about 70 km and
70◦N. This feature could have a physical interpretation in terms of polar vortex behaviour.
As mentioned above, there is an indication from the zonal wind analysis that the vortex is
broader in the reference run than in the GPS runs. When concentrating on the stratopause
behaviour, we can see that in the reference run there is a sharp bend (at about 60◦N)
between the stratopause elevation inside the vortex and in the surf zone equatorward of
the vortex. In contrast with that in both GPS runs there is a more gradual reduction of
the stratopause elevation from approximately 75◦N to 30◦N. This could be due to the
different behaviour of the BDC. In Fig. 4 the BDC, and its difference between the runs,
are shown as vertical-meridional residual circulation vectors. Note that the length of the
arrows has no direct physical meaning since the components of residual velocity were
scaled according to Edmon Jr et al. (1980) first and then scaled by the relative ranges of
the two axes of the plot(3.14 rad by 105 m). Finally the vectors are multiplied by a factor
of 107 to get the reference vector.
As can be seen in Fig. 4, the BDC is characterized by an upward motion near the equator
in the lower atmosphere (below 20 km) and a meridional transport from the summer pole
to the winter hemisphere in higher altitudes. At about 80 km the meridional transport
maximizes according to the background meridional wind shown in Fig. 3b. We find that
the GPS based runs produce a stronger BDC in the northern midlatitudes (30◦-60◦N)
around 60-70 km altitude while it is weaker higher above (see Fig. 4d and e). Also in these
runs there is slightly stronger subsidence at midlatitudes below approximately 60 km.
These features are even more pronounced in the latitude/longitude than in the zonal mean
GPS based run (see Fig. 4f).
A further aspect is seen comparing Figs. 3c and 3a close to the surface of the northern
hemisphere pole region: The regional shift from westerlies to easterlies appears to be
connected to a warming by about 4 K. This could be due to subsidence. In the southern
hemisphere mesopause another considerable warming of 2 K is evident in both GPS
based runs, but this is stronger in the latitude/longitude dependent GPS run.
3.3 Planetary Wave Activity
Non-zonal forcing of GW in the lower atmosphere and subsequent non-zonal GW-mean
flow interaction may lead to additional forcing of stationary planetary waves (PW). In
Fig. 5, temperature amplitudes of the stationary PW with wavenumber k = 1 (SPW1) are
presented for the reference run and their changes in the GPS based runs. The reference
run shows a clear structure of SPW1 in the northern hemisphere region, especially for
middle to high latitudes, because during winter waves are much more enhanced than
during summer due to prevailing westerly winds. Additionally, northern hemisphere
orography supports the enhancement of PW. Regarding the differences between the runs
we find stronger amplitudes and a poleward shift of SPW1 below 60 km. Around that
altitude we find only small changes but above that height amplitudes are stronger, too.
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A useful tool to analyse PW activity, PW propagation and divergence and hence the
regions of PW-mean flow interaction is the 2-dimensional presentation of the Eliassen-
Palm (EP) flux and its divergence. EP fluxes represent the PW propagation expressed both
in momentum and temperature flux, while the EP flux divergence is directly connected
with the acceleration of the mean flow. In Fig. 6 we present the EP flux (arrows) and EP
flux divergence (colors) for the reference run (left panel) and their changes between the
GPS based longitudinal dependent run and the reference run. In the lower stratosphere
(30-50 km altitude) we can observe enhanced poleward propagation above the GW hotspot
region. This is in agreement with the displacement of PW shown in Fig. 5. The effect
vanishes at an altitude of about 60 km. In the lower stratosphere (at about 30 km), one
can see enhanced equatorward wave propagation, which leads to enhanced coupling of
high, middle and lower latitude dynamics due to the GW distribution.
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Fig. 5: Amplitudes of reference SPW1 in temperature (colors) and difference to the GW
distribution from RO data as zonal mean (left) and longitudinal dependent (right) in black
lines.
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Fig. 6: Reference EP flux divergence and EP flux vectors (left) and difference to the GW
distribution from RO data as longitudinal dependent and scaled by dry air density (right)
for January conditions.
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4 Conclusions and Outlook
In a model study we compared the influence of different distributions of GW based on
artificial values and GPS RO data on the global dynamics of the middle atmosphere. While
GPS retrieved zonal mean GW amplitudes are stronger than the artificial distribution at the
equator and and northern midlatitudes, they are very weak at the poles. These differences
lead to increased wind speeds of the polar vortex and a cooling at high latitudes as well
as downward shift of the meridional wind jet.
Analyses of stationary PW indicate a stronger wave activity and an equatorward propaga-
tion of waves in the lower stratosphere, when realistic GW amplitude distributions are
taken into account. Such equatorward propagating Rossby waves have been observed
already by Ortland (1997) and are expected to break in tropics in the prevailing easterlies,
which can lead to tropopause disruptions. This could prove to be one of the key mecha-
nisms of STE as is suggested in the literature by the location and season of the observed
STE and tropopause folds occurrence maxima (e.g. Berthet et al., 2007; Škerlak et al.,
2015).
To further study the possible role of GW hotspot in PW forcing, propagation directions of
the forced waves and possible interaction with stationary PW, in future we shall perform
runs with artificially enhanced or distributed GW drag. We also plan to further investigate
implications of localized GW activity in autumn on the evolution of the wintertime middle
atmospheric circulation and structure of transport pathways in the middle atmosphere.
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